A number of different effects of the violation of the Equivalence Principle (VEP), taken as subleading mechanism of neutrino flavor oscillation, are examined within the framework of the DUNE experiment. We study the possibility of obtaining a misleading neutrino oscillation parameter region caused by our unawareness of VEP. Additionally, we evaluate the impact on the measurement of CP violation and the distinction of neutrino mass hierarchy at DUNE. Besides, limits on VEP for a wide variety of textures of the matrix that connects neutrino gravity eigenstates to flavor eigenstates are imposed. An extra-task of our study is to set limits on Hamiltonian added terms considering different energy dependencies (E n , with n = 0, 1, 2, 3) that can be associated to the usual Lorentz violating terms defined in the Standard Model Extension Hamiltonian. In order to understand our results, approximated analytical three neutrino oscillation probability formulae are derived.
I. INTRODUCTION
The neutrino oscillation is caused by slight differences between neutrino masses (squared masses), which are already small in themselves, and the lack of coincidence between neutrino mass eigenstates and flavor eigenstates [1] [2] [3] [4] [5] [6] [7] [8] [9] . The long-distance interferometry characteristic of neutrino oscillations, in addition to their energy dependency, allows us to test sub-leading effects that can be produced by a variety of beyond standard oscillation physics such as non-standard interaction [10] [11] [12] [13] [14] , neutrino decay [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , quantum decoherence [25] [26] [27] [28] [29] [30] [31] , among others [32] [33] [34] . Nowadays, we are moving towards a neutrino oscillation physics precision era which implies that our sensitivity for performing searches for signatures from non-standard physics would be increased as well. One example of subleading non-standard physics that can be probed through oscillation physics is the violation of Equivalence Principle (VEP). The Equivalence Principle is a central, heuristic principle that led Einstein to formulate his gravitation theory. In particular, the Weak Equivalence Principle states that, given a gravitational field, the trajectory followed by any falling body is independent of its mass. In the weak field limit, it says that in a given gravitational field all bodies fall in vacuum with the same acceleration, regardless of their masses. This is a manifestation of the equivalence between gravitational and inertial mass. The VEP mechanism, assuming massless neutrinos, was first introduced in order to explain the solar neutrino problem [35] [36] [37] [38] [39] [40] [41] [42] ; then, once the oscillation induced by mass was established as solution of the neutrino data, the studies involving VEP were reoriented in order to look for constraints on its parameters [43] [44] [45] [46] [47] .
In this paper, we examine the potential of DUNE experiment [48, 49] for imposing constraints on VEP parameters. Also we evaluate how its projected precision measurements of (sensitivity to) neutrino oscillation parameters could be affected by the presence of subleading VEP effects. In addition, we reinterpret our results beyond the context of VEP transforming its linear energy dependency into a quadratic, cubic, etc. In fact, we can make a correspondence between the aforementioned kind of terms with the Lorentz violating (LV) interaction terms appearing in the Standard Model Extension (SME) [50, 51] . The SME is a low-energy effective field theory that contains all possible LV operators, composed by ones originated from spontaneous Lorentz symmetry violation [52] and others explicitly constructed.
This paper goes as follows: in the second section we discuss the VEP theoretical framework. Then, in the third one, we make a full detailed description, at the level of probabilities, of the set of scenarios under study. In the fourth section, we present our findings. In the final section, we present our conclusions.
II. VEP THEORETICAL FRAMEWORK
The VEP is usuallly introduced through the breaking of the universality of Newton's gravitational constant, G N , being modified by a parameter γ i which depends on the mass of the ith-particle. As a result, a new constant G N = γ i G N is defined, and, consequently, a massdependent gravity potential Φ = γ i Φ.
On the other hand, after replacing the space-time metric in the weak field approximation given by: g µν (x) = η µν + h µν (x), where h µν (x) = −2γ i Φ(x)δ µν and η µν = diag(1, −1, −1, −1) is the Minkowski metric, in the relativistic invariant: g µν p µ p ν = m 2 , a modified energymomentum relation is attained: [45] . From the last relation, and taking p 2 m 2 and neglecting terms Φm 2 /p and of O(Φ 2 ) we get:
that leads us to the familiar expression:
where ∆γ ij = Φ(γ i − γ j ). At the right hand side of the latter equation, the two contributions for the energy shift are shown: one due to the differences between neutrino arXiv:2003.13712v1 [hep-ph] 30 Mar 2020 mass eigenstates and the other one because of the differences between neutrino gravitational eigenstates. It is important to note that in the case of the mass-dependent VEP the neutrino gravitational eigenstates and the mass eigenstates are diagonal with respect to the same basis, being the general situation when these two types of eigenstates are assumed as not equal. Both aforementioned situations are treated in our analysis.
A. Hamiltonian and oscillation probabilities
The flavor basis Hamiltonian for three neutrino generation in matter is given by:
with
A generic Hamiltonian for the neutrino-gravitational eigenstates, written in the flavor basis, can be added to it:
H g = diag(0, ∆γ 21 , ∆γ 31 )
where U is the usual PMNS matrix and U g is the analogous matrix that connects the neutrino-gravitational eigenstates to the flavor eigenstates. In order to get the matter oscillation probabilities formulae, that include perturbatively the gravitational effects, it is enough to take the formulae given in [53] , developed in the context of Non-Standard Interactions, and make a careful replacement of the analogous terms. With this aim in hands, some definitions are presented to begin with.
with k E = 4E 2 (replace k E ≡ A ). We write U g H g U † g in terms of the generic matrix elements v, and their complex phases, with the purpose of having an easy match between these elements and their corresponding (and their phases) present in the prescription given in [53] . Then, we can rewrite Eq. (6):
where:
11) Thus, for getting the matter oscillation probability formulae it is necessary to replace A CC k E + v ee → 1 + ee and k E → A, while for the rest v → and φ → φ in Eq. (4) (Eq. (15)) given in [53] ( [54] ) for the channels ν µ → ν e ( ν µ → ν µ ). On top of these replacements we introduce the following notation:
where L is the neutrino source-detector distance. Once all the aforementioned details are applied, the ν µ → ν e oscillation probability turns out to be:
where x = 2s 13 s 23 , y = 2rs 12 c 12 c 23 , r = |∆m 2 21 /∆m 2 31 |
and s ij = sin θ ij , c ij = cos θ ij . The antineutrino equation ν µ →ν e is given by the Eq. (13), changingÂ → −Â (thenf instead of f ), δ → −δ and φ αβ → −φ αβ . For the inverted hierarchy ∆ → −∆, y → −y andÂ → −Â.
Thẽ v αβ , one of the key parameters of expansion, is ∼ ∆γ ij = EL∆γ ij . Our analytical probability formulae are valid as long as ∆γ ij are taken to be not greater than O(0.1) in order to get less than 5% error between this analytical formula and the numerical one, within a neutrino energy ranging from 7 GeV to 14 GeV depending on the case.
Other important parameters of expansion are the usual ones: s 13 ∼ 0.1 and r ≡ |∆m 2 21 /∆m 2 31 | ∼ 0.01. On the other hand, the oscillation probability for ν µ → ν µ disappearance channel is described by:
It is important to note that we have rewritten the probabilities in such a way that the pure standard oscillation contribution, P SO να→ν β , is separated from those terms which mixed the new physics parameters and the standard ones. Additionally, whenever we use these analytical oscillation probabilities formulae, the P SO να→ν β term is numerically calculated. This is done in order to achieve a better agreement between these (semi) analytical probabilities and those fully numerically calculated. 
B. Lorentz violation interpretation
Before we proceed it is worthwhile to mention that the VEP prescription presented here, and its posterior results, can be reinterpreted for a general energy exponent case. The latter can be implemented since the only parameter that encodes the VEP effects in our probability formulation is ∆γ ij = EL∆γ ij . Therefore, it is enough to replace: 2E → E n =⇒ E → E n /2 where n can be any number, which is equivalent to replace H f g ∝ 2E → H f g ∝ E n , in order to make our probability formulae able to test a power-law energy dependency, for a given exponent, and, accordingly, with the chance of reinterpreting the results that we present here for a general situation. The cases when n = 0, 1, 2, .. match with the isotropic Lorentz violating terms described in the effective Hamiltonian of the SME [56] , the minus sign in some coefficients can be reabsorbed in ∆γ ij .
III. VIOLATION OF EQUIVALENCE PRINCIPLE SCENARIOS
In this section, we study a set of VEP cases corresponding to different choices for U g and ∆γ ij (= EL∆γ ij ), deriving their specific oscillation probabilities from our general formulae given in Eq. (13) and Eq. (15) . For a direct and simple understanding of a given case, these specific formulae should be a much shorter version of the general one. Our simplification criteria is to preserve only the most relevant terms responsible for the main patterns of behavior of a given case.
The simplest case to study is when we take the PMNS matrix U equal to U g . Considering the mixing angles and the ∆γ ij , theṽ αβ and φ αβ are explicitly written for ν µ → ν e and ν µ → ν µ keeping the coefficients of order not greater than s 2 13 ∆γ ij or r∆γ ij or s 13 ∆γ 2 ij , i.e. only up to O(0.001), given that s 13 
In the following calculations, and within the scenario U g = U, two cases are studied: (∆γ 21 = 0 = ∆γ 31 ) and (∆γ 21 = 0 = ∆γ 31 ).
Case 1
In this case, ∆γ 21 = 0 and ∆γ 31 = 0, the expression for ν µ → ν e is:
meanwhile, the ν µ → ν µ disappearance channel is given by:
In Fig. 1 we can see that there are slight differences between VEP SO and pure SO in the ν µ → ν e appearance channel along the energy range. In turn, the impact is a bit more significant in the ν µ → ν µ disappearance channel. The higher differences in the ν µ → ν µ disappearance channel can be explained by the presence of terms of orders ∆γ 31 ∼ O(0.1) in Eq. (29) . While, the minor discrepancies in ν µ → ν e are because only terms scaled by s 2 13 ∆γ 31 ∼ O(0.001) are appearing in Eq. (27) . This contribution has the same sign of ∆γ 31 , regardless it is a neutrino or an antineutrino due to the absence of δ CP in that term. In the case of the channel ν µ → ν µ the contribution is negative respect to the sign of ∆γ 31 and it is independent of being neutrino or antineutrino (there is no δ CP in the corresponding term). 
FIG. 1: Oscillation probability depending on the neutrino energy and considering scenario A/case 1. Figures (b) and (d)
represent theνe appearance andνµ disappearance oscillation probability, respectively. We consider δ = −π/2 and L = 1300 km.
Case 2
with:
where the survival probability of ν µ → ν µ is:
In contrast to the former case, and as it is shown in Fig. 2 , higher differences between VEP SO and SO are registered for the ν µ → ν e channel than for the case of the ν µ → ν µ channel. In the ν µ → ν e channel, the increment of the discrepancy, respect to the former case, relies on the fact that in this probability there are terms of order of s 13 ∆γ 21 ∼ O(0.01). The sign of the overall contribution 
FIG. 2: Oscillation probability depending on the neutrino energy and considering scenario A/case 2. Figures (b) and (d)
is positive (negative) for neutrinos and ∆γ 21 > 0 (antineutrinos and ∆γ 21 < 0). The neutrino/antineutrino sign dependency occurs because of the emergence of δ CP in the dominant terms of the contribution (note that the term associated to C 1 vanishes given that δ CP = −π/2). For the ν µ → ν µ channel, despite there is a term scaled for ∆γ 21 ∼ O(0.1), the unlikeness is less noticeable, in comparison to the transition channel, since the contribution of this term is just smaller, by contrast with the magnitude of P SO νµ→νµ , than the corresponding ones for the transition channel.
On the other hand, it is interesting to note, that the probabilities for the degenerate case, ∆γ 21 = ∆γ = ∆γ 31 , can be attained simply by replacing s 2 12 → c 2 12 in C 4 . The behavior of the relative differences between probabilities are rather similar than those shown here for the general case.
B. Ug = U
Under the condition U g = U, we develop three cases, which are selected according to three different choices of texture for the mixing matrix of the gravity eigenstates, U g . Each texture is denoted by U ij g which means that θ g ij is the only angle set as different from zero in this matrix.
Texture θ13
The U g matrix for this case is given by
where c g ij ≡ cos θ g ij and s g ij ≡ sin θ g ij . To select θ g 13 = 0 implies a two generation reduction of the probability formula keeping only ∆γ 31 , from the gravitational sector. After the proper replacements and simplifications the ν µ → ν e oscillation channel takes the following form:
In the same way, the ν µ → ν µ disappearance channel is given by:
As it is observed in Fig. 3 the differences in the ν µ → ν e channel are of the same order than in the last case, which is because of the appearance in the probability of terms s 13 ∆γ 31 ∼ O(0.01), similar to those in Eq. (30) . Since here ∆γ 31 is taken as positive, the sign of the overall contribution depends only on them being neutrinos (negative) or antineutrinos (positive). Also, as it can be extrapolated from the probability, the maximum disparity with respect to the SO is arising when θ g 13 = ±π/4, because it maximizes/minimizes sin 2θ g 13 . The divergences between the ν µ → ν µ probabilities are negligible because of the term containing VEP is proportional to sin 4θ 23 ∼ 0, recalling that θ 23 is close to π/4.
Texture θ12
For this texture the U g is given by: Here the expression for the ν µ → ν e appearance channel turns out to be:
On the other hand, the ν µ → ν µ disappearance channel is:
As it can be seen in Fig. 4 , the pattern of the probabilities are akin to those presented in the former case, which is reasonable to expect in light of the similarities in the formulae for both cases. Therefore, parallel arguments used for explaining the previous case can be applied here. The only change is that the sign of the overall contribution, that distinguish VEP SO from SO, is positive for neutrinos and negative for antineutrinos in the ν µ → ν e channel for this case. In the channel ν µ → ν µ , as before, the differences between VEP SO and SO are negligible.
0.05 
Texture θ23
Here, our selection for the texture of U g goes as follows:
Since the ∆γ 23 can be written as a function of ∆γ 31 and ∆γ 21 , we subdivide, this particular texture, into two different sub-cases. a. ∆γ 21 = 0 and ∆γ 31 = 0 It can be checked from Eq. (13) that, for the ν µ → ν e channel all the perturbative contributions up to O(10 −3 ) vanish. Meanwhile, the ν µ → ν µ has non-null perturbative contribution at ∆γ 31 ∼ O(0.1), where its expression turns out to be as follows:
− sin ∆ cos 2θ 23 sin(2(θ 23 − θ g 23 )) × sin ∆s 23 c 23 ∆γ 31 (42) b. ∆γ 21 = 0 and ∆γ 31 = 0 As the case above, for the ν µ → ν e appearance channel there is no pertubative contribution up to terms scaled by factors of O(10 −3 ), which represents an almost zero contribution. Likewise, the ν µ → ν µ channel has nonnegligible perturbative contribution:
× sin 4θ 23 cos 2θ g 23 + 2 sin 2 ∆ cos 2 2θ 23 + ∆ sin 2∆ sin 2 2θ 23 sin 2θ g 23 s 23 c 23 ∆γ 21 In Fig. 5 , where it is only plotted the ν µ → ν µ channel, it is possible to note appreciable discrepancies of similar magnitudes for the sub-cases a and b between VEP SO and SO. The magnitudes of these discrepancies are similar for both sub-cases but opposite in sign. For sub-case a, the VEP contribution is negative while for b it is positive. Additionally, for both sub-cases, as in the textures θ g 13 and θ g 12 , it is confirmed that the utmost divergence (maximization of the VEP effect) is reached when θ g = ±π/4. Furthermore, the probabilities for neutrinos are only displayed in Fig. 5 since their counterpart for antineutrinos are identical.
IV. SIMULATION AND RESULTS
In the simulations the inputs from [48] are used considering the optimized fluxes and an exposure of 3.5 years for neutrino and antineutrino mode, Forward Horn current (FHC) and Reverse Horn Current (RHC) respectively. The default configuration of signal and background given by the DUNE collaboration ( [48] and [49] ) is also used.
Throughout the present work, the values in Table I are considered as the current best fit values (CBFV). Given that the probability distributions are non-Gaussian, especially for θ 23 , the uncertainty is calculated dividing by 6 the 3σ allowed region for each parameter. Because the δ CP is not sufficiently constrained, no priors are used, though an importance to −π/2 is considered because it is the closest value to the best fit [55].
The GLoBES package is used to simulate DUNE [57, 58] . In this context, the following definition of χ 2 [59] is regarded:
If priors are included, the formula is as follows:
where ζ true represents the oscillation parameters that take the values from table I and ζ test represents the parameters that are tested against the CBFV and assigned true VEP parameters, N i is the number of events in the ith bin, σ 2 ζ is the error in the determination of ζ and j is the number of parameters with non-zero errors.
A. Distorsion in the extraction of the SO parameters at DUNE
In this analysis we asses the possible distortions in the allowed regions of the SO parameters when these are obtained from neutrino oscillation data, with VEP effects inside, fitted against the pure SO formula. Considering the latter aim, we simulated DUNE data in accordance to the following parameters: ∆γ true = 0, 10 −24 , or 2 × 10 −24 , δ true CP = −π/2 while the remaining true values for the SO parameters are the CBFV. On the other hand, taken indeed ∆γ test = 0, we have marginalized over all SO parameters in order to find the minimum χ 2 .
The parameters that minimize the χ 2 are called θ f it 13 and δ f it CP . If the contours of ∆χ 2 are analyzed on the plane sin 2 θ 13 vs δ CP , the next expression is used:
The same procedure described in Eqs. (46) and (47) is applied to generate the contours in the plane ∆m 2 31 vs δ CP .
The changes between the SO fitted allowed regions, obtained with non-null VEP data, and those regions, obtained from pure SO data with its true values fixed at the CBFV can be qualitatively understood through the differences between the VEP SO probability, encoded in the data, and its corresponding SO probability evaluated at the SO best fit point. Undoubtedly, and viewed at depth, the fitting of data represents the exercise of shortening the differences between the SO and the VEP SO probabilities by varying (increasing or decreasing) the SO parameters in the former. Thus, it is useful to recall the approximated standard oscillation probabilities formulae engaged in our work. One is the transition oscillation channel ν µ → ν e where its expression is given by:
where: 
Up to the order presented in this approximation, δ CP does not appear. However, for higher orders of expansion, terms proportional to cos δ CP start to appear. Here, we do not present the formula up to such higher order since the size of the modifications caused by the related terms is extremely small.
1. Ug = U, ∆γ21 = 0 and ∆γ31 = 0
In Fig. 6 (a) , the plane ∆m 2 31 vs δ CP is displayed, where it is clear the shift of the fitted ∆m 2 31 to higher values than the one corresponding to the CBFV. The shifting can be understood taking into account the distinct discrepancy between the VEP SO and SO probabilities in the ν µ → ν µ channel, shown in Fig. 1 . As we can observe there, to achieve a better pairing between these probabilities it is required to decrease the absolute value of the SO ν µ → ν µ channel, which can be obtained by increasing ∆m 2 31 (see Eq. (50)). Given the above explanation, when ∆γ 31 < 0, the behavior is exactly the opposite, which is observed in Fig. 6 (b) . The plane sin 2 θ 13 vs δ CP is not shown since the variations between allowed regions are negligible. The behavior of the variations on the latter plane are correlated with the size of discrepancies between the VEP SO and SO ν µ → ν e probabilities, which are as a matter of fact small as shown in Fig. 1 .
We have verified that if we choose, instead of VEP, any of the LV terms in the SME Hamiltonian (see section II B), other than the one with n = 1 energy dependency, the behavior of the allowed regions follows a similar pattern. These similarities are present in scenarios A (U = U g ) and B (U = U g ), throughout all the cases. Contrary to the former case, in this one there are significant deviations between the allowed regions presented in the plane sin 2 θ 13 vs δ CP , as can be seen in Fig. 7 . These changes, when ∆γ 21 > 0, are characterized by the shifting to higher values of sin 2 θ 13 than the one of the SO best fit, as can be seen in Fig. 7 (a) . This shifting is explained by the need to increase sin 2 θ 13 in order to match the SO with the VEP SO ν µ → ν e probabilities, as it is shown in Fig. 2 . This match means to enhance the SO neutrino transition probability, which can be attained by increasing the first term C 1 s 2 13 , see Eq. (48) . From Eq. (48), it is also clear that the need to decrease the SO antineutrino transition probability is satisfied through the flipped sign in term C 3 sin δ CP rs 13 . The shrinking of the allowed regions around the δ CP ∼ −π/2, where its effect is maximal, happens because of the higher separation among the neutrino and antineutrino VEP SO ν µ → ν e probabilities than the corresponding for the SO neutrino antineutrino probability difference, evaluated at the CBFV. Therefore, in order to mimic this separation for VEP SO neutrino-antineutrino probabilities the fitted SO probability needs to amplify the CP effects, aim which is fulfilled by choosing a narrower set of values for the δ CP interval around the maximal δ CP ∼ −π/2. When ∆γ 21 < 0, there is a lower separation between the neutrino and antineutrino VEP SO ν µ → ν e probabilities and the corresponding for the SO neutrino antineutrino probability difference, at the CBFV. Then, and following the same reasoning for ∆γ 21 > 0, but seen in opposite way, we need to adjust the fitted SO probability in order to reduce the CP effects, diminishing (increasing) the neutrino (antineutrino) SO transition channel. This can be reached through the selection of δ CP distant from where the maximal CP effect takes place, ∼ −π/2, of the fitted SO probabilities, and, by opting for slightly smaller values of s 13 that can help modulating the reduc-tion (rise) of the neutrino (antineutrino) transition probability magnitude (see Eq. (48)). The aforementioned behavior is totally reflected in Fig. 7 (b) . In the latter figure, we can observe a misconstrued δ CP , which is a result of how the fitted SO probabilities try to emulate the VEP effect. Finally, there is no need to display the plane ∆m 2 31 vs δ CP since the discrepancies in the survival probabilities, correlated with the results in this plane, are not relevant, as seen in Fig. 2 . From the probabilities point of view, see Fig. 3 , this case can be seen as opposed to the preceding one. This means that for this case, ∆γ 31 > 0 (∆γ 31 < 0) corresponds to ∆γ 21 < 0 (∆γ 21 > 0) for scenario A/case 2. Therefore, the explanations for the former case could be applied to this one. On the other hand, as it can be noted in Fig. 3 , the differences between the VEP SO and SO ν µ → ν µ probabilities are almost null.
Ug = U, Texture θ12
This case is equivalent to scenario A/case 2. This equivalency is rooted in the similar conduct observed in the transition probabilities, shown in Fig. 4 and Fig. 2 . Hence, the arguments used for explaining the allowed regions behavior for scenario A/case 2 are totally suitable to be applied to this case.
Ug = U, Texture θ23
As pointed out in sections III B 3 a and III B 3 b only in the ν µ → ν µ channel the discrepancies between the VEP SO and the SO are observable (evaluated at the CBFV). Therefore, the plane ∆m 2 31 vs δ CP is the appropriate parameter space region, where the impact of these differences can be revealed. Scenario B/texture θ 23 -a, ∆γ 21 = 0 and ∆γ 31 = 0, exhibits a quite similar behavior to that shown in Fig. 6 for scenario A/case 1. Scenario B/texture θ 23 -b, ∆γ 31 = 0, ∆γ 21 > 0 (∆γ 21 < 0) corresponds to ∆γ 31 < 0 (∆γ 31 > 0) for scenario A/case 1. Both tendencies in Fig. 6 (a) and (b) are in agreement to what is expected from the probabilities displayed in Fig. 5 . For texture θ 23 -a (θ 23 -b), the fitted SO probability has to lessen (augment) its value to match with the VEP SO, which means to increase (decrease) ∆m 2 31 , as can be checked in Eq. (50).
B. VEP Sensitivity limits
We analyze the sensitivity of DUNE to VEP parameters generating a pure standard oscillation simulated data, fixing the following true values: ∆γ true = 0, and a given value of δ true CP , marginalizing over the remaining standard oscillation parameters.
The ∆γ test is the test parameter paying attention that ∆γ true (∆γ test ) either would take the value of ∆γ true 31 (∆γ test 31 ) or ∆γ true 21 (∆γ test 21 ) depending on the case to be studied.
Scenario A
In Fig. 8 it is displayed the sensitivity to the VEP parameter for the different cases of scenario A. For case 1, the sensitivity to ∆γ 31 is given by [0.4, 1.1, 1.8]×10 −24 and − [0.4, 1.4, 2.4] × 10 −24 at the 1σ, 3σ, and 5σ levels, respectively. In this plot we can see that the sensitivity to ∆γ 31 is almost constant irregardless the value of δ CP . The latter can be inferred from the probabilities given in Eqs. (27) and (29) , where δ CP is not appearing, unless up to the perturbation order that we present in these formulae. When we consider negative values of ∆γ 31 , the formula predicts the same correction, which implies a same constant behavior, and rather similar values for the sensitivity, as the positive case. This can be seen in Fig. 8 .
In this figure a plot for case 2 is shown, as well. For this case, the sensitivity to ∆γ 21 for its positive values is [0.3 -0.4, 1.1 -1.4, 1.8 -2.4] × 10 −24 and for its negative values is − [0.3 -0.5, 0.9 -1.4, 1.4 -2.3] × 10 −24 at the 1σ, 3σ, and 5σ levels. As it can be seen from Fig. 2 , the highest discrepancies between VEP SO and pure SO are present in the ν µ → ν e transition channel. Consequently, it should be expected that the shape of the curve of the sensitivity is affected, at some degree, by the transition channel. Therefore, for getting a qualitative understanding of this shape we use the analytical expression of the ν µ → ν e transition channel. In particular, the two lowest order perturbative (most relevant) terms in Eq. (30) can be grouped into a single term proportional to cos(∆ + δ CP ). Fixing the neutrino energy at 2.5 GeV (the mean energy at DUNE), for which ∆ is close to 0.5π, it is possible to have a rough idea about the location of the maximum and minimum sensitivities. Then, if ∆ is close to 0.5π, it is expected that the maximum sensitivity points are located in values of δ CP in the vicinity of −0.5π and 0.5π. This is what we observe for positive values of ∆γ 21 . Before we continue, it is convenient to point out that maximum sensitivity points correspond to the lowest deflections of the VEP SO -probability respect the SO one. On the other hand, minimum sensitivity is obtained for values of δ CP at the vicinity of 0, π and −π.
For negative values of ∆γ 21 , minimum sensitivity for δ CP close to 0 still survives. However, the other minima and maxima are erased because of the influence of the terms following the first and second ones in the correction.
Scenario B
In the same way, Fig. 9 shows the sensitivity to the new parameters for textures θ 13 , θ 12 and θ 23 of scenario B. First we focus on texture θ 13 and texture θ 12 . For texture θ 13 , the sensitivity to ∆γ 31 is given by [0.5 -1.5, 1.6 -4.6, 2.6 -7.2] × 10 −24 for the positive values and −[0.5 -1.7, 1.5 -5.3, 2.5 -8.4] × 10 −24 for the negative ones at the 1σ, 3σ, and 5σ levels respectively. For texture θ 12 of the same scenario, the sensitivity to ∆γ 21 is given by [0.3 -0.7, 0.7 -1.5, 1.2 -2.1] × 10 −24 and −[0.3 -0.6, 0.8 -1.5, 1.3 -2] × 10 −24 at the 1σ, 3σ, and 5σ levels respectively.
The sensitivity behavior for theses textures, θ 13 and θ 12 , is almost absolutely dominated by the ν µ → ν e transition channel, given that only in this channel there are (observable) discrepancies between VEP SO and pure SO (see Figs. 3 and 4 ). In particular, it is possible to get a feeling of the approximated position of the maximum and minimum sensitivity points analyzing the first two terms in the transition probabilities for both textures. These two terms are proportional to C 1 cos δ CP ± C 2 sin δ CP . Then, when C 1 < C 2 (C 1 > C 2 ) the maximum (minimum) sensitivity in δ CP is located in the neighborhood of 0.5π and −0.5π (0, π, and −π) for texture θ 13 (textures θ 12 ). In the minimum (maximum) sensitivity point is where the lowest (highest) discrepancies between VEP SO and pure SO are found. For both signs of ∆γ the behavior is similar, unless, of course, some shifts due to the influence of the other terms. Fig. 9 presents the sensitivity to ∆γ 31 and ∆γ 21 in the context of scenario B, texture θ 23 and sub-cases a and b respectively. Thus, the sensitivity to ∆γ 31 ) at the 1σ, 3σ, and 5σ levels respectively. It is important to note that in both sub-cases the dependence on δ CP is negligible, since, there are only deviations from SO in the ν µ → ν µ survival channel. For sub-cases a and b, there are no VEP-related terms in the transition probability ν µ → ν e up to the level of the developed perturbation order. On the other hand, sub-case a deflects from the SO case more visibly than sub-case b. That is why the former has higher sensitivity than the latter. It is good to mention that the aforementioned situation cannot be easily noted in the corresponding probability plots (see Fig. 5 ). In addition, there is a symmetric behavior for both signs of ∆γ ij .
C. Lorentz Violation Sensitivity Limits
As we have pointed out our VEP prescription can be reapplied to test the different isotropic Lorentz violating terms of the SME Hamiltonian with their respectives energy dependencies, as discussed in section II B. Here we have set up different limits imposed on each of the aforementioned terms, in the context of DUNE, working with them in individual manner. Since this is an indirect result of this manuscript, we only present them on table II. As similar works can be found in [60, 61] . Table II presents the sensitivity of DUNE experiment to LV. It can be seen that scenario B/texture θ 12 shows the greatest constraint to the parameter ∆γ 21 for almost all n. In the meantime, scenario B/texture θ 13 presents precisely the opposite for constraining ∆γ 31 . This is exactly the same pattern found for VEP, whence the explanation is the same. Therefore, scenario B/texture θ 13 is sensitive to higher ∆γ 31 values, while scenario B/texture θ 12 is sensitive to lower ∆γ 21 values.
D. CP Violation and Mass Hierarchy

CP Violation Sensitivity
This section discusses the effect of VEP on CP violation sensitivity at DUNE experiment. To refer to In the plot on the right, the solid and dashed lines represent the sub-cases a and b respectively. We consider θ g 12 , θ g 23 and θ g 13 equal to π/4. Scenario/ case, texture n = 0 n = 1 n = 2 n = 3 
To calculate ∆χ 2 CP , δ CP and ∆γ are set as fixed while it is marginalized over the rest of the parameters. The CP violation sensitivity is studied by fitting the data as SO and considering VEP as an unknown but existing effect. In most cases it is observed an increase in the significance level to reject the null hypothesis depending on δ true CP . However, some cases show a decrease of this sig-nificance level for certain values of δ true CP , all with respect to SO. This way of analysis is very important to study the consequences of omitting an existing VEP scenario in nature in our theoretical framework. In Fig. 10 , scenario A/case 1, an increase in the significance level to reject the null hypothesis can be observed even when δ true CP = 0, ±π, generating a fake CPV. This is because there is a relatively constant increment on sensitivity and is a reflection of the δ CP -independent discrepancy between the VEP SO and SO in the ν µ (andν µ ) disappearance probabilities for scenario A/case 1 (see Eq. (29) . The increase of the number of events for the ∆γ < 0 reduces the ∆χ 2 making it harder to achieve similar values of sensitivity to those obtained for the ∆γ > 0 case. These results are qualitatively similar to those shown in scenario B/texture θ 23 -a. Additionally, scenario B/texture θ 23 -b ∆γ 21 > 0 (∆γ 21 < 0) corresponds to ∆γ 31 < 0 (∆γ 31 > 0) for scenario A/case 1. In Fig. 11 (a) , scenario A/case 2, the displayed results are due to the increased asymmetry between the ν µ → ν e andν µ →ν e appearance channels amplifying the discrimination of the CP violation case, see Fig. 2 . This also includes an extra fake CPV caused by the connection between the VEP term and the matter potential. Notwithstanding, as a consequence of the opposite behavior (decrease) of the asymmetry between the ν µ → ν e andν µ →ν e appearance channels, when ∆γ 21 < 0, it is observed a decrease in the level of significance, that could be even lower to the SO case in the neighborhood of δ true CP = ±π/2, where this case reaches its peak of sensitivity. This means that the capacity to reject the null CP-hypothesis when δ true CP takes values close to its maximum would be reduced. As already stated, the results for scenario A/case 2 are qualitatively similar to those shown in scenario B/texture θ 12 . Moreover, scenario B/texture θ 13 ∆γ 31 > 0 (∆γ 31 < 0) corresponds to ∆γ 21 < 0 (∆γ 21 > 0) for scenario A/case 2. Therefore, we could apply Fig. 11 and explanations for scenario A/case 2 to these ones.
Mass Hierarchy Sensitivity
One of the main goals of DUNE experiment is to figure out the mass hierarchy (MH). This is related to the fact that one of the main features of DUNE experiment is its baseline (1300 Km), resulting in a high sensitivity to the matter effect. This means that a considerable difference in the oscillation channels ν µ → ν e andν µ →ν e is expected as a result, on which MH depends. Therefore, studying the sensitivity to MH is extremely important, since we have shown VEP scenarios where the asymmetry of these channels is clearly affected. The MH sensitivity is obtained as follows [49, 59] . 
Taking into account the analysis explained in the previous section we study the impact on the MH sensitivity considering VEP/NH in nature and assuming SO/IH as theoretical hypothesis. We do not display the scenarios with low discrepancies on ν µ → ν e , which are scenario A/case 1 and scenario B/texture θ 23 -a and texture θ 23 -b since those scenarios have MH sensitivities rather similar to SO MH. In Fig. 12 the MH sensitivities for scenario A/case 2 are presented. In order to explain the behavior of these sensitivity curves we define two probability differences: ∆P SO = P (30)) can be written into a single term proportional to f g∆γ 21 , considering ∆ ∼ π/2. For ∆γ 21 > 0, ∆ VEP-SO(NH) ∝ f g∆γ 21 at δ true CP = −π/2, therefore the VEP sensitivity reaches a higher significance than the SO one. While, at δ true CP = π/2, ∆ VEP-SO(NH) ∝ −f g∆γ 21 , which means that the VEP sensitivity attains lower significance than the SO one. For ∆γ 21 < 0, what happens is exactly the opposite. These results are applicable for scenario B/texture θ 13 and texture θ 12 , as well.
V. CONCLUSIONS
We have tested the impact of fitting simulated data generated for different VEP scenarios, and considering pure standard oscillation as theoretical hypothesis. Among our findings, we have found the displacement of the ∆m 2 31 , the increase of sin 2 θ 13 (∆γ > 0) or the change of δ CP (∆γ > 0) toward the decrease of the magnitude of CP violation, which are scenario-dependent effects. Furthermore, the DUNE CP sensitivity, treating VEP as before, increases for the majority of scenarios having all in common the introduction of a fake CP violation. The DUNE significance for identifying the MH for ∆γ > 0 (∆γ < 0) increases (decreases) and decreases (increases) for δ CP ∈ [−π, 0] and δ CP ∈ [0, π]. In addition, we have also found limits for VEP, for the variety of scenarios under study, being the most stringent ∆γ ∼ 0.7×10 −24 GeV which corresponds to the scenario B/texture θ 12 . Finally, we have set limits for LV terms of the SME Hamiltonian, with different energy dependencies, the most restrictive one corresponds to the scenario B/texture θ 12 , as well, and is ∆γ = {8, 1.5, 0.12, 0.007} × 10 −24 GeV that corresponds to n = 0, 1, 2, 3, respectively.
